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Introduction
The ability to latch components together is an integral part of machinery. Historically latches have been passive elements requiring direct operation by the user, but in modern day engineering systems there are increasing occurrences where active resettable latches are required including military applications requiring naval tie down systems ͓1͔, release of aircraft panels for maintenance, and the docking and deployment of space structures ͓2-17͔; automotive applications including vehicle closures ͓18-22͔ and valve control of internal combustion engines ͓23͔; consumer applications including safety latches of household appliances ͓24-28͔ and active latches for computer hard disc drive actuator arms ͓29-32͔; manufacturing applications including the active disassembly of consumer devices and automobiles for improved recycling ͓33-38͔ and the assembly, disassembly, and controllable attachment of robotic and microelectromechanical systems ͑MEMS͒ devices ͓39-41͔; and niche applications such as refreshable Braille displays with active pin locking ͓42-44͔. Active latches, such as electromechanical trunk latches or pyrotechnic deployment devices on space structures, are defined by their ability to disengage in response to a control signal. Automatic reset, which enables passive re-engagement by the user, is an additional latch functionality provided in the example of electromechanical trunk latches. Latches that require maintenance or replacement of the structural and/or actuating components, as in the example of pyrotechnic deployment devices ͓6͔, are not automatically resettable. Unfortunately, one of the key design issues in active latches is proper actuation in a simple, inexpensive, compact form. There are several drawbacks to utilizing conventional actuators to control the motion of active latches. For example, wax motors and bimetallic strips are commonly used in appliances for their low cost, but are limited by slow speed and performance degradation over time ͓6,25,45͔. Electrical motors and solenoids utilized in automotive, naval, and military applications improve on the speed, but are expensive, bulky, and still may be too slow in time-critical applications such as rapid panel deployment and high loading rate events ͓20,46-49͔. Aerospace and automotive industries utilize pyrotechnics for their high speeds but require explosives that introduce high shock and are not reusable ͓6,20͔.
An alternative approach is shape memory alloy ͑SMA͒ based latches, which industry has begun to employ in automotive panel closures ͓18-22,27͔, household appliance latches ͓25-28͔, and space payload deployment and separation ͓2-17͔. In comparison to conventional actuators, SMA is a good actuation candidate for latches because its unparalleled energy and power densities ͑up to 30 MJ m −3 and 700 kW m −3 ͓45͔͒ enable simpler, lighter, and more compact devices. Only hydraulics have metrics of similar magnitude, yet SMA actuators have fewer parts and lack the bulky and complex infrastructure of valves, compressors, and potentially leaky working fluid ͓46,49͔. SMA also surpasses most smart material actuation in terms of typical operating stresses and strains Contributed by the Mechanisms and Robotics Committee of ASME for publication in the JOURNAL OF MECHANICAL DESIGN. Manuscript received September 25,͑up to 200 MPa and 4.5% strain͒, and maximum stress and strain for low cycle applications ͑up to 700 MPa and 8% strain͒ ͓17͔, in addition to being environmentally robust and exceptionally ductile and rugged compared to materials such as piezoceramics and magnetostrictives ͓16,45,50͔. Most importantly SMA wire has become economically viable for practical, high-yield, low-cost applications ͓49,51͔. One of the primary drawbacks to an SMA approach is the slow response time of the material due to thermal activation. However, most latch applications only require speed during release or engagement of the latch, not both, giving ample time to cool the SMA during one part of the latching cycle. Additionally, compact packaging of SMA is an issue since long lengths of SMA wire are often required to produce moderate displacements. While long SMA wires can be difficult to package within the form constraints of many actuator applications, the overall package dimensions of an SMA actuator can be improved using a spooling technique that wraps the wires around mandrels. Spooled SMA wire actuators can significantly improve the compactness of an actuator's footprint, but losses can occur due to friction between the SMA wire and the mandrel and due to the geometrically induced bending strains. Until recently, predictive models for the motion of spool-packaged SMA wire actuators had not been available, but with recent work by the authors that developed generalized predictive models for the motion of spoolpackaged SMA actuators ͓52-54͔, the analytical design of devices utilizing spooled SMA actuators is now possible. This paper introduces a basic fundamental active latch technology-the T-latch-which is driven by an ultrafast spoolpackaged SMA wire actuator. The T-latch is capable of engaging passively, maintaining a strong multiple degree of freedom structural connection with zero power consumption and releasing at ultrafast speeds ͑defined here as full disengagement within 20 ms of a control signal͒ with automatic reset. The T-latch's progression through the four states of operation ͑engagement, retention, release, and reset͒ is governed by a sequence of moments applied to the latch from a variety of sources including engagement ramps, the SMA actuator, frictional loads within the latch system, and the reset spring. Moment criteria for progression through each operation state are captured in analytical operational models derived with respect to the T-latch geometry, reset spring parameters, SMA constitutive and frictional material properties, and the loads applied to the latch from the external system. These models provide the foundation for synthesizing and predicting the operation of basic T-latches across a broad range of applications. To illustrate this, a proof-of-concept case study for automotive panel lockdown is described for which a set of criteria regarding each stage of operation drove the latch design. In particular, the latch was required to engage with a user-applied force ͑less than 20 kgf͒, maintain a structural connection under loads specified in Federal Motor Vehicle and Safety Standards ͓55͔, disengage completely in 30-50 ms, and automatically reset itself for repeatable use. Using these specifications, a prototype was designed, built, and experimentally characterized regarding the effects of the reset spring preload on engagement, the T geometry on retention, the power and separation force on release speed, and the reset spring preload on the latch's range of motion. Based on the results of this study, the fundamental T-latch technology provides the foundational models and framework for designing compact, automatically resettable active latches, and positions the T-latch as an attractive alternative technology to conventional approaches.
T-Latch Design
The T-latch is a simple and cost-effective active latching system that employs a shape memory alloy wire in a spooled configuration to control the motion and engagement state of the latch. This section describes the fundamental T-latch architecture and its four operational states, in addition to actuator graphs used for synthesis and analysis of T-latch designs.
T-Latch
Architecture. The T-latch is a generic latching technology named for the rotating T shaped member shown with the overall architecture and associated terminology in Fig. 1 , and key nomenclature provided in Table 1 . The two main components are the mating latch and gate structures, which are oppositely mounted to the bodies to be connected such as a hood and car frame. The latch structure is composed of a spooled SMA wire actuator, a torsional reset spring, and a structural latching element referred to herein as the "T." The spooled SMA actuator and torsional reset spring are in antagonistic opposition to each other and control the angular position of the T. To enable the compact packaging of SMA wire and reduce its overall length dimension, the wire is spooled by threading it through the diameter of the T's shaft with equal lengths extending from the center of the shaft, and spooled around the shaft by wrapping in opposite directions around a low-friction, electrically insulating sheath, and attaching at each end to fixed points on the latch structure. Assuming that the wrapped SMA wires do not overlap and adjacent coils do not touch, electrical arcing between coils of spooled wire is very un- Fig. 1 Diagram of the T-latch shown with its main components. The latch connects two bodies, one body is connected rigidly to the gate and the other is connected rigidly to the upper plate. The torsional reset spring is mounted between the T-shaft and the upper plate such that it opposes the torque applied by the SMA wire. Right of the figure, nomenclature and variable definitions affecting operation behavior models are defined.
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Transactions of the ASME likely. Due to the low voltages used to heat SMA wire ͑magni-tudes of 10 0 -10 1 V͒ and additional insulation provided by the oxide layer around the SMA wire, only a few microns of spacing are necessary to prevent the occurrence of arcing. Since the SMA wire is typically heated rapidly ͑applying current for approximately 10 −3 -10 −2 s͒, excess heating of the mandrel is avoided, and the ample time for cooling during reset ͑magnitudes of 10 0 -10 1 s͒ is sufficient to dissipate heat in both the wire and mandrel prior to re-engagement. The T comprises a shaft rectangular shoulders that slide on the engagement ramps and maintain retention once the latch is engaged, and a terminal end that extends past the shoulders and provides additional stability to the latch when engaged. The T is assumed to rotate freely about its vertical axis with low friction opposing rotational motion; thus, the friction moment between the T and latch structure is minimal compared to other moments in the latch system and is assumed to be negligible. The T mates with the interior cavity of the gate structure, which has exterior ramps that provide a frictional moment to rotate the T-shaft during manual engagement and to align the shoulders with the slot for insertion. These ramps add an extra level of robustness so that alignment occurs even in cases of misalignment of the connecting bodies or partial reset of the T. When engaged, a separation force is applied to the latch structure by the opposing body ͑via rubber seals, springs, or gravity͒, which presses the latch structure away from the gate to reduce vibration and aid in the latch's release.
SMA Actuation Design Graphs.
A full operation cycle of the latch consists of four main states-engagement, retention, release, and reset-each of which is defined by a moment equilibrium and corresponding angle of the latch. This can be depicted and designed analogous to "motor" curves in rotary coordinates ͑moments and angles͒ in Fig. 2 , where the T-latch system is separated into ͑1͒ the actuation curves, which represent the moment applied to the T by the SMA spooled wire actuator and are dependent on the material phase, and ͑2͒ the load lines, which represent all the opposing moments applied by a combination of the reset spring, friction, and engagement forces, and are dependent on the operational state of the latch. The angular position and applied moment of the T-latch occurs at the intersection between the actuator curve for the current material phase of the SMA and the load line for the physical state of the latch.
SMA has unique thermomechanical properties based on changes to the material's crystal microstructure, in which stress, strain, temperature, and material phase are interrelated ͓56-59͔. Below the characteristic transformation temperature, the material is in the martensite phase ͑martensite material phase fraction:
͑M͒ =1͒, which owes its low stiffness to a highly compliant, twinned, herringbonelike microstructure. When the material is loaded, the microstructure is sheared to a detwinned configuration allowing for large strains to accumulate without inducing permanent plastic deformation. Typical recoverable strains are in the range of 4-5% for NiTi shape memory alloys, while up to 8% recoverable strain has been documented ͓17͔ with the large strain magnitudes better suited for a low number of actuation cycles to avoid fatigue or cyclic performance loss. Above the transformation temperature, the material reverts to the much stiffer austenite phase ͑ ͑M͒ =0͒ with a stiff cubic lattice structure. The moment resulting from the stress in the SMA wire is related to the stressstrain behavior of the material, but is adjusted for losses resulting from the spool-packaged architecture, and is indicated on the graph for martensite ͑solid line extending from the origin and through point ①, Fig. 2͒ and austenite ͑solid line extending from the origin and through point ⑥, Fig. 2͒ . By heating and cooling the SMA wire, it transitions between these two material phases changing the moment applied to the shaft, resulting in motion to a new equilibrium state depending on the applied loads which vary for each physical state of the T-latch. The loads on the T for the unengaged latch are due to the moment from the torsion reset spring ͑black dashed load line passing through points ① and ⑥, Fig. 2͒ , which is a linear function of the latch's rotation angle. For the engaged latch, friction between the engaged latch and the gate structure is also present, shifting the load line higher to the engaged load line ͑passing through points ④ and ⑤, Fig. 2͒ . The interaction of the actuation curves and load lines defines the exact operational states of the T-latch, and can be manipulated with proper selection of material and architectural design parameters to achieve desired T-latch performance for a given application.
Operation States.
Using the actuator curves and load lines, the latch's progression through the operation cycle can be tracked as the latch moves from one equilibrium point to the next as the actuator curves and load lines are altered by changing the material properties and engagement state within the system. To aid further in the description of the progression between the four operational states ͑engagement, retention, release, and reset͒, the physical actuator position is depicted in Fig. 3 . The operation cycle begins just prior to engagement when the SMA wire is in the martensite phase and in equilibrium with the reset spring ͑point ① in Fig. 2 , just prior to engagement shown in Fig. 3͑a͒͒ . Prior to the beginning the actuation cycle, the martensite SMA has been stretched to its detwinned state by the moment from the reset spring. The angular position of the T, , is defined to be zero at the martensite SMA/reset spring equilibrium angle, such that = ͑M͒ = 0 prior to engagement. Engagement occurs when the shoulders of the T are pressed down against the ramps ͑Fig. 3͑a͒͒, causing the shaft to rotate relative to the upper plate toward the slot in the gate while loading a torsional reset spring positioned between the T-shaft and the upper plate. While engaging the latch, the SMA wire tension is temporarily relaxed as the T rotates and the wire goes slack ͑point ②, Fig. 2͒ . Rotation continues until the T aligns with the slot in the gate ͑ = g , point ③, Fig. 2͒ , moves into the interior, and is snapped back to the martensite equilibrium position ͑point ①, Fig.  2͒ as the reset spring unloads.
Once engaged, retention ͑Fig. 3͑b͒͒ occurs in six degrees of freedom. Obstruction between the T and gate structures prevents relative motion in the three translational degrees of freedom ͑lon-gitudinal, lateral, and fore/aft͒ and in the two off-axis rotational degrees of freedom ͑nonaxial directions͒. Rotation about the shaft axis is prevented by the torsional reset spring moment and static friction between the T shoulder and gate. Typically in retention, the actuator is only subjected to the spring moment, and equilibrium is maintained at the martensite equilibrium angle ͑M͒ ͑point ①, Fig. 2͒ . In some instances, perturbations from external sources such as vibrations or impact occur, which are further resisted by static friction to maintain position at ͑M͒ ͑varying the equilibrium point along the vertical line from point ① toward point ④, Fig. 2͒ . If static friction is exceeded, the latch will begin to move along the engaged load line, but remain in retention unless the external perturbation rotates the latch past the gate angle ͑left of point ⑤, Fig. 2͒ . Thus, a larger frictional moment makes for more robust retention, but can compete with the ability of the SMA actuator to affect release.
Release ͑Fig. 3͑c͒͒ occurs when the SMA wire is heated resistively, inducing material phase change in the SMA wire from martensite to austenite, causing the SMA moment to increase with no T motion occurring until friction is overcome ͑point ④, Fig. 2͒ , at which point rotation occurs due to wire contraction as the moment and angle climb along the engaged load line. When the T rotates the shoulders beyond contact with the gate ͑point ⑤, Fig.  2͒ , the clearance allows the separation force to free the latch from the gate. The clearance causes the SMA moment to drop suddenly to the unengaged load line and then comes to a new equilibrium position ͑A͒ ͑point ⑥, Fig. 2͒ where the austenite curve and unengaged load lines intersect. The moment-angle pathway between release and austenite equilibrium ͑points ⑤ and ⑥͒ is represented as a region in Fig. 2 since it is complicated by dynamics, partial phase transformation in quick releases, and the stress dependency on phase fraction of the SMA.
As the wire cools to martensite, reset occurs by the stored energy in the reset spring stretching the SMA wire and rotating the T back to the initial spring-actuator equilibrium position ͑point ①, Fig. 2͒ as the moment and position move along the unengaged load line, settling at the pre-engagement position ͑Fig. 3͑d͒͒. Once 
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Transactions of the ASME the latch resets, repeated operation can occur beginning with the re-engagement of the latch.
Operation Behavioral Models
The T-latch's operation cycle is governed by equilibrium between the applied moments of the SMA wire and the moments resulting from the combined loads on the T ͑friction, reset spring, and engagement forces͒, as defined in Fig. 4 . The magnitudes of the moments and the latch speed depend on an array of related parameters including the T-latch geometry and reset spring parameters, the SMA constitutive and frictional material properties within the system, the separation forces from a compressive compliant member ͑e.g., rubber seals or compression springs͒, and the applied electrical power during release. In this section, a set of analytical behavioral models are provided based upon these parameters to define the T-latch's design space. While some of the models and sufficiency criteria are based on basic mechanical principles, all are presented to give a complete overview of how the latch parameters are interrelated as they affect multiple stages of operation.
Engagement.
The engagement function is governed by the ability of the T to rotate into the gate when a downward force F app is supplied, causing an engagement moment M eng due to contact between the latch and the engagement ramps. Engagement occurs when the engagement moment overcomes the reset spring moment M sp at the gate angle g where the T and rectangular slot align according to the engagement criterion,
As the latch slides along the engagement ramps, it rotates against the torsional reset spring. The opposing spring moment M sp is assumed to be linearly dependent on the deflection angle such that
where k sp is the spring constant and sp is the undeflected angle of the spring. The work that deflects the spring is stored as potential energy, which subsequently snaps the T into the retention position after the T shoulders have passed through the gate as the stored energy is allowed to release. Assuming quasistatic equilibrium and Coulomb friction for the contact between the T and ramps, the engagement moment resulting from the downward closure force ͑F app Ͻ 0͒ is
where r is the coefficient of friction between the T shoulders and the ramps, d r is the distance between the ramps, and ␥ r is the angle of the engagement ramps. Substituting the equations for the reset spring moment ͑Eq. ͑2͒͒ and the engagement moment ͑Eq. ͑3͒͒ into the engagement criterion inequality ͑Eq. ͑1͒͒, and evaluating both at the gate angle, where engagement occurs, the minimum force required to engage the latch is
This equation for the minimum engagement force indicates the engagement operation's functional dependency on several parameters including the ramp angle ␥ r , coefficient of friction r , ramp spacing d r , reset spring constant k sp , and undeflected angular position sp . While these parameters are directly related to the latch's ability to engage, they are also interrelated throughout the different stages of operation. For instance, the spring parameters also affect the latch's range of motion and the ability to release. Additionally, the ramp parameters affect the latch's shoulder geometry and minimum shaft length, which consequently influence the structural retention abilities and the frictional moment that must be overcome during release.
3.2 Retention. The latch's retention depends on both its ability to remain engaged in the presence of vibrations or other external perturbations, and to maintain a structural connection without yielding or breakage occurring. The former is prevented by the reset spring moment and the static friction between the T shoulders and the gate due to the separation force, which limits motion of the T and prevents unintentional release. However, the critical design issue for the latch with respect to retention is its structural ability to prevent failure. While it is advantageous to minimize the latch dimensions from a size and weight perspective, its structure must be large enough to withstand applied loads, maintain a robust mechanical connection with the gate structure, and allow feasible operation of the latch's engagement and release functions, which are also related to the latch geometry. The retention models are derived using standard analytical stress analysis techniques for the general application of loads to the T as illustrated in Fig. 4 , with the complete set of stress constraints provided in Table 2 for a specifiable set of latch parameters. To demonstrate how retention performance is evaluated, two specific loading cases based on automotive latch industry specifications ͓55͔ are examined, as illustrated in Fig. 5 : ͑a͒ the plane of shoulder case with a load F app applied in the same plane as the T shoulders and shaft ͑x-y plane͒ at an angle ␣, and ͑b͒ the normal to shoulder case with a lateral load F L applied perpendicular to the shoulder plane ͑along the z-axis͒. For both cases, stresses due to the applied loads and the additional vertical separation force were determined at critical locations and combined using the von Mises relationship to determine an effective stress.
For the plane of shoulder case, four unknown reaction forces are assumed to act on the T ͑one reaction force on each shoulder, a reaction force acting on the T at the midway point of the upper gate, and a fourth reaction force acting on the terminal end of the T͒ such that the T is an indeterminate structure. The full set of reaction forces is resolved using Castigliano's theorem ͑minimi-zation of the total strain energy assuming small deformations͒ and three equations of static equilibrium. The resulting state of stress is predicted using the formulas for axial, bending, and transverse shear of elastic, statically loaded structures evaluated at critical locations in the shaft ͑where the maximum stresses occur between points A and B in Fig. 5͑a͒͒ and in the shoulders ͑between points C and D, Fig. 5͑a͒͒ . The equations for effective stress at these critical locations in the shaft are summarized in Table 2 . For the normal to shoulder loading case, three reaction forces act on the T ͑a net force acting on the shoulders, and two horizontal forces acting on each side of the terminal end of the T͒; thus, the T is a determinate structure and its state of stress can be resolved from static equilibrium equations. The axial, bending, and transverse shear stresses are combined using the von Mises effective stress ͑Table 2͒ and evaluated between critical points E and point F ͑Fig. 5͑b͒͒. In addition to the stresses predicted in Table 2 , sharp corners between the T-shaft and shoulders can produce stress concentrations in excess of the predicted values. In manufacturing, fillets between the shoulders and T should be employed to mitigate the effect of stress concentrations. Any detailed design also needs to predict for their effect by estimating stress concentration factors ͑using techniques provided by Peterson ͓60͔, for example͒ or finite element analysis.
Release and Reset.
For the T-latch to release and reset through the full range of motion, two criteria must be met: ͑1͒ the SMA wire provides a large enough moment ͑M SMA ͒ during release to overcome the moments due to gate friction ͑M fr,g ͒ and the reset spring ͑M sp ͒, and ͑2͒ the actuator's range of motion ␦ is large enough to allow the T to rotate past the gate angle g such that ␦ Ͼ g . The derivations of the SMA actuator's motion and moment rely on a generalized form of the SMA material constitutive law that allows for constitutive laws with varying levels of simplicity, ease of use, and accuracy to be selected according to the particular needs of an application. Strain is assumed to be a function of the stress in the SMA wire ͑ SMA ͒ and the material phase according to its martensite material phase fraction ͑M͒ . The general strain function f SMA relates stress and strain according to the relation
which is an invertible function that also describes the stress as a function of strain and material phase such that
For fully martensite and fully austenite wires, the strain function can be simplified further to a single functional dependency on stress according to the functions
where f SMA ͑M͒ and f SMA ͑A͒ are the constitutive laws for fully martensite and fully austenite wires.
3.3.1 Minimum SMA Moment/Force Criterion. The release criterion with respect to the moment loads on the latch considers the moments for the latch with an austenite SMA wire at the angle of release g and is represented by the inequality
The SMA moment M SMA depends on the material constitutive behavior and geometric parameters of the actuator, and is functionally dependent on the T angle and martensite phase fraction ͑M͒ , which in this case equals zero for the fully austenite wire. For this analysis, the SMA moment generated about the axis is 
Release/reset Min. SMA force criterion ͒ , and has functional dependencies on the strain and material phase of the wire, which are related by constitutive laws. The gate/shoulder friction M fr,g is assumed to be governed by dynamic Coulomb friction, to act evenly over the shoulder area in contact with the gate and to have a constant friction coefficient g ͑to be conservative, the dynamic coefficient of friction is assumed to be equal to the static coefficient value͒. Estimating the maximum moment arm to be at the center of the contact area when the latch is 90 deg engaged, the frictional moment is
Substituting the equations for the SMA moment ͑Eq. ͑10͒ at the gate angle = g and for austenite phase ͑M͒ =0͒, the spring moment ͑Eq. ͑2͒͒, and the gate friction ͑Eq. ͑11͒͒ into the release criterion ͑Eq. ͑9͒͒, the minimum tension in the SMA wire for release is
The release criterion highlights the relationship between the minimum SMA force required for release and the spring parameters, gate friction and geometric parameters, and the SMA wrap diameter. Some of the trade-offs among the latch parameters can be interpreted from the release criterion ͑Eq. ͑15͒͒. For example, while any increases to the friction moment term ͑Eq. ͑11͒͒ make for more robust retention against external perturbations/vibrations, they require a greater actuation force/moment, and thus create a design trade-off between retention and release. Other trade-offs, however, may be inferred. For example, thinner SMA wires are advantageous for their lower cost, reduced current requirement, and faster cooling for more rapid reset. Yet, the lower force provided by thinner wires would also necessitate a larger wrap diameter to satisfy the SMA moment release criterion ͑Eq. ͑15͒͒, which in turn creates a larger actuator footprint. While design decisions intended to increase speed or reduce cost are relevant aspects of the design process, the minimum SMA moment/force release criterion is a critical component for ensuring feasible release.
Minimum Stroke Criteria.
The release criterion with respect to the actuator's range of motion ␦ requires that the range of motion is larger than the gate angle ͑the minimum angle the T must rotate through to release͒ such that
where the change in the actuator angle ␦ is equivalent to the change in the wrap angles w ͑M͒ and w ͑A͒ between states. It is useful to design the SMA wire to give a greater range of motion than the minimum required to ensure consistent release in the presence of variations in friction, temperature, and the loading environment; however, this leads to more wire to package. To compensate for long wire lengths, the wire can be spooled around the shaft for a smaller footprint. This does lead to a more complicated transformation relationship between the material stress state and the resulting applied moment to the shaft, and will incur some losses due to friction and bending. The losses and resulting load-moment response of rotary spooled SMA wire actuators were modeled and validated in earlier work by the authors ͓52-54͔, and is summarized here. The T-latch actuator utilizes two spooled actuators in parallel, which are assumed to share the moment loads equally, such that the stress in linear tail portions of the SMA wire ͑Fig. 1͒ is
where 1 2 d wrap is the moment arm of each half of the wire and A SMA is the cross-sectional area of the SMA wire. To model the variation in stress along the length of the wire, a differential element of SMA wire in contact with the mandrel is considered with the loads due to friction and contact shown at a general angular position in Fig. 6 
͑16͒
where tail ͑M͒ and tail ͑A͒ are the tail stresses at the martensite and austenite equilibrium positions ͑ = ͑M͒ and = ͑A͒ ͒, SMA is the coefficient of friction between the SMA wire and the mandrel, and is the angular position along the wire measured from the point where the wire is threaded through the mandrel. Using the generalized form of the constitutive law in which strain is a function of stress ͑Eqs. ͑7͒ and ͑8͒͒, the martensite and austenite strains as functions of position are
Relating the undeformed length of each half of the SMA wire ͑ 1 2 ᐉ tot ͑0͒ ͒ to the strain profiles of the martensite and austenite wires yields compatibility equations for each state:
Given the geometry, material constitutive functions f SMA ͑M͒ and f SMA ͑A͒ , and the coefficient of friction SMA , each compatibility equation ͑Eqs. ͑19͒ and ͑20͒͒ has a single unknown: the wrap angle w ͑M͒ or w ͑A͒ . Solving for the unknown wrap angles is not straightforward since they appear in both the limits of integration and within the strain function, which is a transcendental function within the integrand. Since closed-form solutions for w ͑M͒ and w
͑A͒
are not possible, numerical solving techniques can be used to solve the wrap angles w ͑M͒ and w ͑A͒ . Once the wrap angles are solved, the minimum stroke release inequality ͑Eq. ͑13͒͒ can be evaluated. The release/reset criterion with respect to the range of motion thus requires that the range of motion inequality ͑Eq. ͑13͒͒ and compatibility equality conditions ͑Eqs. ͑19͒ and ͑20͒͒ are all satisfied. Since larger strokes improve the ability of the actuator to release, the release criteria ͑Table 2͒ are more likely to be satisfied by increasing the SMA wire length ͑especially in the output tail͒ or decreasing the SMA coefficient of friction. The behavioral models for engagement, retention, release, and reset establish a system of analytical constraints on the feasible operation of the T-latch with design trade-offs between the primary geometric, material constitutive and frictional, and reset spring parameters. Selection of a valid design requires that constraints with respect to each stage of operation are satisfied, while trade-offs between compact packaging of the actuator and latch geometry, performance of the actuator, and losses to the latch system are expected to influence resulting designs.
Automotive Panel Lockdown Case Study
To demonstrate the T-latch technology, a proof-of-concept latch was designed and demonstrated for automotive panel lockdown. The controllable lockdown of closures around the vehicle ͑e.g., doors, hood, and trunk͒ is useful for a number of applications including theft deterrence, controlling torsional stiffnesses, tailoring energy absorption and load paths during a collision, and fast release of deployable hoods for pedestrian protection. For this study, the proof-of-concept latch was designed, built, and tested to meet typical industrial specifications for hood closures.
Specifications.
For this case study, the Federal Motor Vehicle Safety Standard on door locks and door retention components ͑FMVSS 206͒ ͓55͔ was adapted to provide the retention specifications shown in Table 3 . The specifications require that the structural member of the latch withstands four loading scenarios without yield or ultimate tensile failure. The FMVSS 206 specifies ultimate failure in the longitudinal direction occurring at a minimum of 11 kN and in the transverse direction ͑fore, aft, and lateral͒ at a minimum of 9 kN. Assuming that four latches equally share the load, the ultimate failure specification for an individual latch is 2.75 kN in the longitudinal direction and 2.25 kN in the transverse direction. While the specifications allow some deformation in the latch prior to ultimate failure, the case study did not allow any deformation at loads less than half the ultimate failure specifications, leading to the yield requirements defined in scenarios 1 and 2 for transversely and longitudinally applied loads. The ultimate failure requirement for longitudinally applied loads was defined in scenario 3. To account for the possibility of multidirectional loading, the transverse specification was tightened by defining scenario 4 as the vector addition of the ultimate transverse and longitudinal failure criteria.
The case study specifications also took the engagement, release, and reset operations into account while considering other practical criteria as well. Since automotive latches are required to engage by applying a closure force against the latch with a force magnitude that can reasonably be applied by the user, the minimum engagement force was required to be less than 20 kgf. Fast response times are also a desirable feature, ranging anywhere from 3 ms to 100 ms. For this case study, a release time of 30-50 ms was targeted. Finally, the latch was not allowed to consume energy to remain engaged and was required to reset automatically for repeated use.
Panel Lockdown T-Latch Design.
The design of the proof-of-concept prototype was guided by the use of the operational behavioral models to ensure that all specifications and requirements for feasible operation ͑Table 2͒ were satisfied. The T-latch prototype ͑Fig. 7͒ has three main subsystems-the T structure, SMA actuator system, and the gate ͑composed of an exterior portion responsible for engagement and an interior pocket that mates with the T͒-in addition to measurement equipment used for experimentally characterizing the operation cycle.
T Structure.
The structurally critical latch dimensions were selected to meet retention specifications using the six stress constraints summarized in Table 2 for each of the four loading scenarios described in Table 3 . Using a safety factor of 2 on stress Transactions of the ASME and commonly available stock dimensions whenever possible, the latch dimensions summarized in Table 4 were selected. The latch structure's design was driven primarily by the shoulder stresses constraint for plane of shoulder loading ͑Eq. ͑6͒͒, which was active for the combined x-y plane ultimate failure loading scenario ͑scenario 4͒. For the selected latch dimensions and the most extreme loading cases, the stress concentration factors were estimated for a similarly loaded T head ͑based on photoelastically determined values ͓60͔͒. For a fillet radius of 0.5 mm, the estimated factor of safety against yield is 2.1, and for a radius of 1 mm, the factor of safety is 3.1. Thus, fillet radii between 0.5 mm and 1 mm are sufficient to prevent failure due to stress concentration, and are recommended in the manufacture of the T structure. A PFA fluoropolymer tube was selected to sheathe the T structure where the SMA wraps the shaft because of its low-friction coefficient, excellent electrical insulation properties, and better wearresistance and operating temperatures than other materials in its class.
SMA Actuation
System. The SMA actuation system, consisting of the spooled SMA wire actuator and the opposing reset spring, governs the motion of the T during release and reset, but also affects the engagement and retention functions due to spring, geometric, and frictional parameters that appear throughout the operation. A Nitinol SMA wire ͓27͔ with a 0.38 mm wire diameter was selected for its reliable known performance, large recoverable strains, and low cost. Prior to testing, the SMA wire was thermally cycled to stabilize its performance based on the shakedown procedures outlined by Sun et al. ͓62͔. The constitutive stress-strain behavior of the SMA was tested experimentally for the fully austenite and fully martensite phases; the resulting material parameters utilized for the actuator design are shown in Fig. 8 and allow the generalized constitutive functions ͑Eqs. ͑7͒ and ͑8͒͒ to be applied to the physical actuators tested in this study. The selected wire was designed to exert loads on the T within a typical range that prevents overstraining the SMA wire: 13N for martensite ͑110 MPa, ϳ4.5% strain, corresponding with point ① in Fig. 2͒ , 18 N for austenite ͑160 MPa, ϳ0.4% strain, point ⑤͒ with a tension spike limited to 60 N ͑530 MPa, point ⑥͒ during the release operation.
The minimum force and stroke criteria ͑Eqs. ͑12͒, ͑13͒, ͑19͒, and ͑20͒͒, which govern feasible release and reset of the latch, were utilized in selection of a feasible actuator design with respect to the wrap diameter, spring parameters, and SMA wire length. While design decisions regarding the SMA tail lengths, SMA wire, sheath and gate materials, and gate angle were selected based on characteristics such as compact packaging or desirable material properties, the spring parameters ͑ k0 , k ͒, wrap diameter ͑d wrap ͒, and wire length ͑ᐉ tot ͑0͒ ͒ were selected to meet the design criteria. The selected parameters ͑summarized in Table 4͒ meet the criteria with reasonable margins of safety; the minimum SMA force criterion and minimum SMA range of motion criterion each surpass their respective criteria by 50%.
Gate Assembly.
The gate assembly was designed to perform two main functions: to guide the T into the engaged position with its exterior engagement ramps and to mate with the T for retention. The engagement ramps were designed to be engaged with approximately 20 kgf of applied load, estimating a coefficient of friction between the T and ramps ͑ r ͒ to be 0.5 assuming polished steel surfaces and a 20 deg gate angle ͑ g ͒. Solving the engagement criterion ͑Eq. ͑4͒͒, a 45 deg ramp angle satisfies the inequality and allows for 20 kgf engagement force. Designing for retention, the interior pocket of the gate was sized to mate with the T shoulders with free-running fits and a standard stock dimension was used for the upper gate thickness ͑t g,u ͒.
Proof-of-Concept Prototype and Experimental
Apparatus. A T-latch prototype was built with the dimensions in Table 4 along with additional hardware and components shown in Fig. 7 to support experimental characterization. The prototype consists of a sliding latch structure, which includes the T and SMA actuation system; a gate structure, which includes the engagement ramps and steel plates with an internal cavity to mate with the engaged T; and four slider rods with brass bushings used to align the sliding latch structure to the gate with four compression springs providing a combined 300 N of separation force to the engaged latch.
The T shoulders and shaft were fabricated from a larger 19 mm diameter high-strength steel shaft using a CNC mill with a keyseat cutter to remove material around the shaft and the T shoulders. Due to limitations from the fabrication process, the T had sharp edges between the shoulders and shaft, whereas fillets would have been preferred to reduce stress concentrations. The length of the shaft was increased for the prototype ͑except for in the retention tests͒ to accommodate an adjustable torsional reset spring fixture that allows for variation in the springs and preloads during experiments. The shaft was installed into the upper latch structure using rotary bearings to allow for rotation about its axis. The PFA sheath was press-fit onto the upper portion of the shaft and a hole was drilled perpendicular to the shaft's axis to allow the SMA wire to be threaded through. The SMA wire was threaded through the shaft to align the midpoint of the wire with the shaft axis, and then each half of the wire was wound in opposite directions up and down the PFA sheath, fixing the ends of the wires with screw crimps fixed to the upper latch structure via load cells that measure the tension in the SMA tails. The gate structure was machined from steel plates with a milled internal pocket for the T to mate with during engagement. The engagement ramps, milled into PVC blocks with 45 deg angles and stainless steel shims bonded to the surface, were aligned to the edges of the slot in the gate and screw fastened to the gate structure.
A U.S. Digital rotary encoder measured the latch position, two Cooper Instruments load cells measured tension at each end of the SMA wire, a third load cell measured engagement force, and a Microtrak laser displacement probe was used to signal when release occurred. In a typical operation cycle, the wire was heated resistively with a Sorensen power supply while a Tektronics voltage probe and a Fluke current probe measured the electrical excitation of the SMA wire. Current, voltage, angle, wire tensions, and engagement state were recorded with respect to time using a Tektronics oscilloscope for release data and a Dell laptop equipped with a National Instruments data acquisition card and LABVIEW software interface for continuously sampling release and reset data over longer time periods. Employing the experimental setup with respect to the automotive case study, the effects of the latch geometry, reset spring and separation force parameters, and electrical power applied to the actuator can be explored in context of the real application.
Proof-of-Concept Experiments
To demonstrate the basic operation cycle of the T-latch and to experimentally characterize performance issues relating to each stage of the latch operation, the T-latch prototype was utilized for proof-of-concept experiments investigating the effects of the reset spring preload on engagement, the T geometry on retention, the power and separation force on release speed, and the reset spring preload on the latch's range of motion.
Engagement.
To ensure that the T-latch can passively engage with a simple human supplied force of 20 kgf or less in addition to the 30.6 kgf ͑300 N͒ separation force, engagement tests were conducted. The engagement tests utilized an aluminum fixture with an attached load cell that measures the load applied to the T-latch's upper plate structure. Experiments were performed by engaging the latch while measuring the peak force required for engagement while varying the preload/predeflection of the reset spring between 330 N mm to 650 N mm with a spring constant k sp of 2.7 N mm/deg. Engagement trials were repeated three to eight times at each torsional reset spring preload.
Throughout testing, the passive engagement operation was successful and consistent, and the average engagement force result is shown in Fig. 9 with respect to the preload from the reset spring. The linear relationship between engagement force and reset spring preload agrees with the engagement criterion ͑Eq. ͑4͒͒, but the data are offset and do not pass through the origin. This systematic error is likely caused due to the approximation of the reset spring's undeflected position from which the preload of the reset spring was estimated. The ramp friction was estimated to be 0.43 based on the slope of the linear data fit, the equation for the engagement moment ͑Eq. ͑3͒͒, and spring moment ͑Eq. ͑1͒͒ and solving for r . Based on the engagement results, the latch was demonstrated to meet the specified engagement with a maximum reset spring force between ϳ460 N mm and 590 N mm. While the case study specifications did not call for the compression separation force springs to be used during engagement tests, successful engagement was also demonstrated in the release/reset tests against up to 300 N of separation force. The tests demonstrated that the use of engagement ramps is a practical, repeatable, and robust method for passively engaging the T-latch.
Retention.
The T is the critical structure that must withstand the specified loads, and thus the retention study focused on multidirectional loading of T specimens that represent the latch. The specimens, shown in Fig. 10͑a͒ , were CNC milled from high- strength steel. Due to shop equipment limitations, however, the specimens had sharp corners between the shoulders and shaft where small fillets would have been preferable to reduce stress concentration. A variety of tests were performed on an Instron tensile testing machine, each applying crosshead displacements at 5 mm/min while monitoring applied load. To confirm the yield specifications ͑scenarios 1 and 2͒, each load was held for 1 min, removed, and caliper measurements were taken to determine whether deformation occurred. To validate ultimate failure specifications ͑scenarios 3 and 4͒, each load was increased until breakage occurred. To simulate the different loading scenarios, fixtures in Fig. 11 were machined to simulate the longitudinal, transverse, and combined loading scenarios. The transverse and combined loading fixtures were designed to test two specimens symmetrically and simultaneously to avoid loading with a large moment about the Instron's axis of motion.
The latches succeeded in meeting all loading requirements. Testing for yield, loads were applied 40% higher than specified-1.6 kN/specimen in scenario 1 ͑transverse͒ and 1.9 kN in scenario 2 ͑longitudinal͒-and caused no deformation. Testing for ultimate failure in the longitudinal direction ͑scenario 3͒, breakage occurred at 5.9 kN and 7.1 kN, successfully meeting the specification with an average 2.4 factor of safety. Testing for ultimate failure in the combined direction ͑scenario 4͒, breakage occurred at 7.9 kN, successfully meeting the specification with a 2.2 factor of safety. Inspecting the failed specimens ͑shown in Figs. 10͑b͒ and 10͑c͒͒, shear failure was observed to occur at corners that had no fillets, along the expected critical region in the shoulders ͑points B and C, Fig. 5͑a͒͒ . While fillets could not be employed due to machine shop limitations, more load carrying capacity would be expected had the recommended 0.5-1 mm radius fillets been employed in the test specimens. The increased load capacity that is expected with fillets of proper radii would allow for even smaller latches to be made, fewer latches to be employed, or a larger factor of safety to be applied.
Release/Reset.
To illustrate the sequence of loads, heating, and rotation for the T-latch prototype, a typical latching cycle is shown in Fig. 12 , which includes engagement, retention, release ͑shown in more detail in Fig. 13͒ , and full reset. In this particular case, a 300 N separation force and approximately 180 deg predeflection on the reset spring was applied. When the latch was engaged, the SMA wire tension momentarily dropped and the T angle momentarily spiked as the T rotated into the gate, the SMA wire went slack, and the reset spring retensioned the wire and rotated the T to an engaged retention state. The SMA wire was excited with 60 A current-limited power at time zero causing the SMA to heat, increase in tension, and contract, rotating the T until the separation force springs disengaged the latch ͑27 ms in this trial͒. The overall 27 ms release time of the latch, Fig. 13 , is composed of two regions: ͑1͒ preheat time spent heating the SMA wire to the transition temperature before any motion occurred ͑in this case 19 ms͒ and ͑2͒ transition time as the latch changed phase, rotated, and released ͑in this case 8 ms͒. After the T released, the current was turned off ͑after 33 ms for this trial͒ and the wire gradually cooled, changed phase to martensite, and relaxed toward the initial tension. While full reset occurred after about 1 min, 95% reset was reached within 40 s, and reengagement was still possible prior to that. In this experiment, the power supply spent about 70% of the release time increasing the current due to its slow response time relative to the release speeds being measured. Based on the release sequence observed, the ability to decrease the preheat time has great potential to increase the latch release speed using capacitors for faster rise times ͑for example, less than 5 ms response times demonstrated by Barnes et al. ͓20͔͒ or preheating the wire to just below the transition temperature to decrease the amount of time heating once release is signaled. The basic cycle in the given example illustrates the sequences of loads and how the latch responds to heating and cooling for latches in general, but the particular response speeds and ranges of motion are affected by a variety of parameters including applied power to heat the SMA actuator, separation force on the latch, and the reset spring parameters.
Effect of Power.
To explore how the rate of heating the SMA wire actuator affects the latch's speed of release, experiments were conducted by varying the amount of power applied while measuring the angular rotation of the latch and the speed of release. To determine release times for the latch, the engaged latch was heated with bursts of average power ranging from 200 W to 2000 W with the fastest release time occurring in 18 ms. In each Fig. 10 T-latch retention test specimens. Three specimens are shown: "a… a typical specimen prior to loading, "b… a longitudinal specimen failed due to transverse shear in the shoulders, and "c… a combined load specimen failed due to transverse shear in the shoulders and at the edge of the shaft.
Fig. 11 Retention test fixtures
trial, 300 N of separation force and about 180 deg of predeflection on the reset spring were applied and the average power was determined based on the average current and voltage measurements ͑the upper limit on power was bounded by the capabilities of the power supply͒. The latch's speed of release was found to be an indirectly proportional function of the average power ͑as shown in Fig. 14͒ , but the release time was independent of the amount of energy applied requiring a nearly constant 24 J for each release indicating that the latch's speed was limited mainly by the speed at which current could be applied to the latch. Based on the energy required to release the latch, 800 W would cause release in the specified 30 ms and 4.8 kW would cause release in only 5 ms, faster than other conventional actuation methods. For applications where ultrafast release is not an issue, the power requirement is significantly lower; for instance, less than 150 W ͑a typical light bulb͒ was sufficient to cause release in 170 ms. While the fastest release times required large amounts of power, the energy requirement is very low ͑only about 0.2% of the energy stored in a typical AA battery ͓63͔͒ because of the ultrafast release times; thus, it can be practically achieved in industrial applications.
Effect of Separation Force.
Since the SMA wire must counteract friction between the T and the gate, tests were conducted to demonstrate release under a range of pull-up forces from 150-300 N. Tests employing a 0.5 N mm/ deg torsional reset spring and 9 A current were repeated five times at each separation force with the average release, preheat, and transition times shown in Fig. 15 . Tests were run at the lower power so that the different time regions could be distinguished more clearly. Full release was achieved at all tested separation forces up to and including the 300 N force required by the specifications. Doubling the separation force from 150 N to 300 N resulted in a 28% increase in the overall release time. Yet, the preheat time nearly tripled and the transition time decreased by 60%. The faster transition times for the higher separation forces likely resulted from the higher required austenite phase fraction in the wire when static friction is overcome as the latch releases.
Effect of Reset Spring.
To investigate the effect of the reset spring on the range of motion and speed of reset, experiments varying the preload on the reset spring were conducted. The range of motion as the SMA actuator was cycled between martensite and austenite phases was plotted as a function of the preload on the reset spring ͑Fig. 16͒. The data include trials actuated from engaged and unengaged states, and indicate that the range of motion is not affected by the initial engagement state. While friction can affect the ability of the actuator to release ͑predicted by the release criterion, Eq. ͑12͒͒, the martensite and austenite equilibria for the unengaged latch depend only on the spring and SMA moment balance. The range of motion angle was observed to initially increase with wire tension and then level off, resulting from the characteristic plateau of the martensite stress-strain curve, which is compliant at low stresses and becomes stiffer for higher stresses above the plateau.
The time required to reset is compared to the reset spring preload in Fig. 17 . Reset times were evaluated at 50%, 67%, and 95% of the actuator's full range of motion and are observed to decrease as reset spring torque increases. The error, especially for 95% reset, was largely due to measurement noise. Other potential sources of error include variations in laboratory ambient temperature and variations in the amount of heat that had to be dissipated since the heating time varied in testing. Regardless of the error, the majority of reset was shown to occur within the first 15 s and nearly full reset occurred within 1 min. The decrease in heating times with increasing reset torque is the potential result of higher stresses in the wire increasing the martensite start ͑M s ͒ and mar- tensite finish ͑M f ͒ temperatures, thus causing the threshold for motions due to austenite to martensite phase transformations to be reached more quickly.
Conclusion
This paper presents a novel latch system, the T-latch, which has the ability to engage passively ͑without actuation͒, maintain a structural connection in multiple degrees of freedom, release very quickly, and then repeat operation with automatic reset. The latch was developed as a general technology that can be tailored to a wide variety of applications, and has a design that is fully specified by the selection of design parameters regarding its geometry, frictional and SMA material properties, reset and separation spring properties, and external loads that may be applied to the latch during its operation. Operational behavior models were presented that define the boundaries of the design space for T-latches in general, and take into account requirements on the latch's feasible operation through the engagement, retention, release, and reset cycle. The models were utilized to develop a proof-ofconcept prototype for an automotive panel lockdown application. The full-scale T-latch prototype successfully demonstrated latch operation through all operation stages: engagement, retention, release, and reset. The latch released as quickly as 18 ms, which surpasses the release time target by a 12 ms margin. Since the minimum release time was limited by the response speed of the power supply, the latch could be made faster with alternative heating techniques making it applicable to applications requiring even faster release times. The average power applied was found to be indirectly proportional to the release time, and requiring minor amounts of energy on the order of 24 J ͑a fraction of a percent of that stored in a typical AA battery͒. The release time was also shown to increase with separation force, while still being able to meet release time requirements at the 300 N specification. Varying the reset spring preload affected the latch's range of motion and appeared to level off near 35 deg as the reset spring preload was increased. The latch successfully met retention specifications with a large enough factor of safety that the latches could be made more compactly or used as is for added durability. The T-latch design that resulted from this research is distinguished from other active latches by its ability to provide robust, automatically resettable latch functionality in addition to energy-dense, simple, and low-cost actuation enabled by the use of spool-packaged SMA wire actuators. With improvements to cost, speed, complexity, weight, and size in comparison to conventional methods ͑wax motors, solenoids, pyrotechnic, etc.͒, the T-latch is an attractive alternative technology, subject to validation with regard to the specific use requirements, for industrial applications. 
